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SUMMARY

This report describes a digital compuier code CAVE3 (Conduction Analysis Via
Eigenvalues for Three Dimensional Geometries) which provides a convenient and cconomical
tool for predicting the transient temperature response of structures. This code is an
extension of the work done under contract NAS1-13655 for iwo-dimensional geometries.
CAVE3 is written in FORTRAN IV and is operational on both the IBM 370/165 and
CDC 6600 computers.

The method of solution is a hybrid analytical-numerical technique which utilizes
eigenvalues (thermal frequencies) and eigenvectors (thermal mode vectors). The method
is inherently stable, permitting large time stcps cven with the best of conductors with
the finest of mesh sizes, which can provide a factor-of-five reduction in machine time
compared to conventional explicit finite difference methods when structures with small
time constants are analyzed over long time periods. This code will find utility in analyzing

hypersonic missile and aircraft structures which fall naturally into this class.

The code is a completely general one in that problems invelving any geometry,
boundary conditions and materials can be analyzed. This is made possible by requiring
the user to establish the thermal network, e.g., node capacitances, conductances between

nodes, etc, Dynamic storage allocation is used to minimize core storage requirements,

This report is primarily a user's manual for the CAVES3 code., Input and output
formats are presented and explained. Sample problems are included which illustrate

the usage of the code as well as establish the validity and accuracy of the method,
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Section 1

INTRODUCTION

The computer code CAVE3 (Conduction Analysis Via Eigenvalues for Three
Dimensional Geometries) provides a convenient and economical tool for predicting the
transient temperature response of structures. it will find special utility in the analysis
of thermal protcction systems for hypersonic missiles and airceraft where the flight

trajectory time is large in comparison to the time constants of the structures,

The method employed by CAVE3 to solve the partial differential heat conduction
equation is a hybrid analytical-numerical (HAN) technique which was d veloped under a
previous NASA contract NAS1-13655 (Ref, 1),

Mr. James L. Hunt, of the High Speed Acrodyramics Division, Langley Research

Center, Virginia, served as the NASA technical monitor for that program.

In the HAN method, spatial deviatives are replaced by appropriate finite difference
representations and the temporal derivatives are retained as ordinary derivatives. In
effect the problem is subdivided into a number of uniform temperature systems or nodes
that are coupled and changing in temperature. The problem is therehy specified by a set
of first order, linear, ordinary differential cquations whose solution is expressed in terms
of eigenvectors (thermal mode vectors for the system) and eigenvalues (thermal frequencies
of the system). The complete solution for a system involving N nodes contains N eigeanvalues
and N eigenvectors. The determination of all N cigenvalues and cigenvectors involves formid-
able computations for typical heat transfer problems involving hundreds of nodes - however
the accuracy requirements of most problems do not require the determination of all N
eigenvalues and cigenvectors. In fact, a small rimier say 10 or so are sufficient when
the heat flux response is contained in the first few thermal modes (characteristic of
materials with high thermal diffusivity) or if the re-ponse for a large number of time
increments is required, which is precisely the situation in predicting the temperatures
throughout the flight trajectory of a hypersonic vehicle. A reduction by a factor of five in
computer time can he expected over conventional explicit finite difference codes for

typical flight trajectory analyses. The savings in computer time is due to the HAN method

s




being inherently stable and, therefore, permitting large time steps in comparison te an
explicit algorithm,

This report is basically a user's manual for CAVE3. The next section discusses
the overall operation and running of CAVE3 while Section 3 describes the input data format.
Sections 4 and 5 present two sample problems provided by the contract monitor. These
problems are used to illustrate the input data and output of CAVE3 and to establish the
validity and accuracy of the code. Section 6 provides the programmer oriented docu-

mentation of CAVES3, i.e., list of subroutines, variables and logic diagrams.

Mr., Charles B, Johnson, of the High Speed Aerodynamics Division, Langley

Research Center, Virginia, served as the NASA technical monitor for the program.

At Grumman, the contract was administered by the Advanced Development office,
under Fred Berger, Manager of Advanced Development System Engineering., The Study
Manager was Dr. Kenneth A. Rathjen. Mr, Joseph V. Palmieri developed much of the
code and Mr. Michael J. Rossi developed the matrix routines,




Section 2

DESCRIPTION OF CAVE3 CODE OPERATION

This section provides an overview of the CAVE3 code capabilities, method of

solution and input /output.

CAVES3 has becn designed to he a completely general digital computer code for
operation on the CNC 6600 and IBM 370/165 computers. Operation of CAVE3 requires the

following type of information from the user:
e Initial temperatures of nodes
® Capacitance (mass times specific heat) of cach node
® Conductance (and convection) links between nodes
e Radiation links between nodes
® Heat generated at a node

e  Boundary conditions (c.g. adiabatic wall temperature or recovery

temperature and convective heat transfer coefficient)
e Thermal properties as a function of temperature
e Initial and final time
e Time steps (which can be variable)

The user may assign any node numbering system desived; CAVE3 establishes a
node labeling array that is packed to ensure efticient matrix operations. The input for
CAVES hac been designed to be totally generalized and options have been p:ovided to mini-
mize the amount of input. The data is structured in blocks and resides on one data file.

A detailed description of the input is provided in Section 3.

The user, via input, establishes the overall core size available, CAVE3
dy 1amically allocates storage for the individual arrays based on the data input. In this
fashion the user does not pay for excess overhead by executing a program designed for
a large scale problem with fixed storage when running a smaller problem. The code is
designed so that the data storage is sct-up and maintained in the main program and the
program flow is controlled by subroutine CAVE3. The program is modular in struc-
ture which aids the user to understand the logic and make changes if desired.




A description of each subroutine and its specific task, along with flow charts, is presented

in Section 6.

The main advantage of CAVE3 over other general thermal analyzer codes is in
execution time. CAVES3 will prove economical in solving transient heat conduction problems
involving sfructures with time constants that are small compared to the time period of
intcrest (e.g. flight trajectory). The method employed in CAVES is a hybrid analytical-
numerical technique that is inherently stable permitting large time steps in compas iser 10
explicit finite difference methods, It is noted thal there is a significant amount of computer
time required to determine the eigenvectors and eigenvalues of the solution, and therefore
the method is not advantageous comparcd to conventional explicit schemes for problems
involving a short time period (e.g. total time of interest on the order of 100 times the

maximum permissible time step).

A detailed description of the method is presented 1n Ref. (1) and therefore only a
brief overview is presented here. The transient heat conduction problem being solved is
characterized by the following system of n first-order lincar differential equations with
constant cnefficients

c, _gtzi_ =£Kij (T =T+ By (Tyy ;= T+ Qi i=1,n Eq. (1)
)
where Ci = thermal capacitance of node i
Kij = conductive coupling between nodes i and j
;= temperature of node i

Ti = temperature of node j which is adjacent to node i

Hi = convective coupling between node i and the fluid (for interior
nodes "1 = 0)

t = time

TAw,i = adiabatic wall temperature of the fluid in contact with node i
éi = heat generated at node

There are n such coupled differential equations, one for cach of the n nodes.
It is noted that radiation betwcen nodes is considered via a linearization process described

in Appendix C of Ref, (1) which leads to modified conductive and/or convective couplings.
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The system of equations given in Eq. (1) has the following cxact solution for a

particular time-subinterval (Appendix F of Ref. (1) gives the details):

n
=Ty PO () Fq. (2)
ji-1
where
Ti = temperature at node i at time t ;econds into the time subinterval
T°°i = gteady-state temperature at node i for the particular time subinterval
cij = constants that depend on the T, , u set of eigenvectors of a matrix A,
i
and the temperatures of the nodes at the start of the time subinterval
Aj = the ecigenvalues of a matrix A
t = time into the particular time subinterval. If T represents the time in
the flight trajectory, and if 'rq and rc represent the time at the start and
end of a time subinterval, then the following relationships hold:
0t <t -r andT = T ot for r.<tgr,
A = symmetric matrix whose elements depend on the Ci’ Kii and Hi of

Eq. (1). (Refer to Appendixes A and F of Ref. (1).)

Considering a thermal network with n nodes, there are then n eigenvalues and eigenvectors
to be determined and used in Eq. (2). Considerable machine time can be saved by calcu-
lating only those eigenvalaes and eigenvectors that are "significent' or '"dominant'. This
was noted very aptly by Maise and Rossi in NASA CR-2435 and used by them in the CAPE
code for the inverse heat transfer problem of finding the boundary conditions given the
temperature history, and it was used in Ref, (1). When the series in Eq. (2) is truncated

to the ""dominant' terms, we obtain:

ne
i=1

where ne is a number substantially less than n, It represents the number of dominant
eigenvalues and eigenvectors that will be found and utilized by the code. 'This is an input
number decided upon by the user, Appendix A of Ref, (1) discusses the effect of ne on
solution accuracy.




It may be interesting to digress for a moment to note that the usual thermal anal-

dT
yzers take equation (1) a step further and replace the ordinary derivative —_ with a finite

difference approximation. Depending on the form of the approximation oit}?:\r an explicit
or implicit algorithm is obtained. In the common explicit and implicit formulations, the
Ti's and 'I‘j's are taken to be constant during the time step interval, In the current HAN
method, the ordinary derivative is retained and the ’I‘i's and Tj's are treated as time-
dependent variables in Eq. (1). This leads to a more accurate solution with no limitation
on the time step from a stanility standpoint. However, in solving Ey. (1), the HAN method
treats the Ci’ Kij’ Hi and TAW,i

Appendix E of Ref. (1), for an eigenvalue solution to exist. The technique used within

as constants, This is necessary, as discussed in

CAVES3 to handle variations in these parameters is to subdivide the total time interval
(e.g., the flight trajectory) and take these parameters to be piecewise constant within esch

time subinterval,

Thus, the single problem of determining the tempera.ure distribution in the structure
where the boundary conditions are varying is solved by considering a number ot sub-
problems where the boundary conditions are piecewise constant. These subproblems are
interconnected in that the temperature at the end of one time subinterval becomes the
initial temperature for the next time subinterval, It should be noted that the time sub-
intervals, or time steps in the HAN method, are typically of the order of seconds or tens
of seconds which is probably 100 to 1000 times largcr than is permissible with the explicit
methe 4.

CAVE3 uses the convective coefficient and adiabatic wall temperatures at the
beginning of the time interval for the entire time intcrval, Therefore ir selecting the time
subintervals, the user should be guided by the variation in the houndary conditions with
particular concern for abrupt changes that affect the convective heating. For those prob-
lems in which the te..perature dependency of the material properties p° ys a dominant
role for some reason, or if radiaticn heat transfer is of great imporiance, a second ran
with smaller subintervals should be made to determine the effect of subinterval selection

on the predicted temperatures.
The problem solution is accomplished in CAVES3 using the following sequence:
1, Storage requirements for the various arrays are determined and allocated,

2, Initial conditions are printed out.
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Then for each time step the following are done:

3. Using the temperature distribution at the start of the time step, the thermal
properties of the materials arc determined, followed hy the capacitances and
cnnductances for the network. This step is not exercised if the material

properties are independent of temperature.

4, The convective heat transfer and conduction couplings are then modiiied to
account for radiation if it is being considered. Appendix C of Ref. (1)
gives the details of the linearized treatment that is given to the radiation

heat transfer,

5. Set up a matrix A in compact form which depends on the Ci’ K
Eq. (1) (Refer to Appendix F of Ref. (1).)

. and H, of
ij i

6. Obtain the ne dominant eigenvectors and cigenvalues of matrix A using
J ennings(z) method of simultaneous vector iteration,

7. Determine the steady-state solution to Eq. (1).

8. Calculate the cli ofEq. 3)fori=1, 2,...,nandj=1, 2, ...,ne,

9. Calculate the temperatures of the nodes at the end of the time subinterval
using Eq. (3).

10, Set the initial temperatures for the next time subinterval equal to the final

temperature of the present subinterval, Increment time,
11. Print temperatures.

1. Repeat steps 3 through 11 until the final time has been reached. The
solution is then completed.

Tue following sections describe in detail vhe input dioca format for CAVES and

two sample problems which will enable the reader te: vse CAVES,
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Section 3

INPUT DATA FORMAT

The input to CAVES consists of one data file containing 3 control cards, 4 title cards
and 9 distinct blocks of information. The unit input is general in that any sct of consistent
units can be used. The general format is displayed in Figure 3-1 and a more detailed

set of descriptions is presented in Figure 3-2.

First Control Card:

This card consists of 11 variables describing the storage size, the degree of
accuracy and the input outpat options. The variable NUMBND indicates the number of
boundary rodes, NUMITR, the number of iterated nodes, NUMCON, the number of
ccnductors, which includes conduction and convection links, NUMRAD, indicates the
number of radiators, NUMNOD, the highest node number, NUMFLX, number of heat
fluxes. These variables are used to determine the size of the data array. Care should be
taken to minimize the size of cach variable to truly represent the problem to be solved
for excess size will cause a need for excessive core storage and increase the running time.
Variable NSTR, is a storage paramecter which indicates the size of the problem. The
program will compute the value during execution and output the input value versus the
computed value, thereby allowing the user to modify NSTK to the proper value. NEVALU
is used to indicate the number of cigenvalues to be used to solve the problem, The higher
the number of cigenvalues used the more accurate the solution and the longer the execut-
ion time. The user should investigate the proper size of NEVALU and minimize its size.
Generally the smaller the size problem the smaller the number of cigenvalues needed to
obtain the proper solution. IDIAG, is the diagnostic flag. If the user wants a more
detailed output indicating the steady state solution at each time step and the dominant
cigenvectors the 1ser should set IDIAG equal to 1. Leaving IDIAG blank or setting it to
0 indicates the uscr wants only the temperature time history written out. IFLUX is also
an output flag, If IFLUX is equal to une it indicates that the user wants the cumu-
lative fluxes printed out for ecach node at cach time step; a zero indicates no fluxes should

be written out.

11




Title Block:

The user can use four cards to describe the problem (four cards are required). The

title block will be printed out in the output.

Second Control Card:

This card consists of two variables KODFE and NMTRIC. KODE should be left blank,
NMTRIC is a flag indicating the units of input; 0 indicating degrees Fahrenheit; 1, degrees

Rankine; 2, degrees Centigrade and 3, degrees Kelvin,

Third Control Card:

.his card consists of variables KODE, TIME, DTIME, FTIME, and SIG. KODE
again should he left blank, TIME indicates the initial time, DTIMF indicates the time
step, FTIME, the final time and SIG the Stefan-Boltzmann constant, If SIG is left blank
or sct to zcro it indicates that the Stefan-Boltzmann constant has been folded into the

radiation couplings.

Initial Temperature Block for Iterated Nodes:

This block of data establishes the initial temperature values for cach of the
iterated nodes. Variables II and J.J, the multiple parameter input are used to condense
the input where the user numbering scheme allows. This Multiple Parameter Input option

is cxplained at the end of this section.

Temperature Block for Boundary and/or Specified Temperature Nodes:

This block of data consists of the temperature values of boundary nodes and/or
nodes within the structure with specified temperatures. The multiple parameter input is
availablc to minimize "he input. These values can be made to vary with time by using
the proper table format (discussed in Table Block),

Capacitance Block

Within this block the node thermal capacitance (mass times specific heat) is
stored in the CAP(N) array for cach node N. Again the multiple parameter option is
available.

Conductance Block

The nodal conductance (and convection) values are contained in this block of data.
The program requires a conductance scquence number N, the two node numbers I and J
that arc linked and the conductance value COND(N). The conductance value represents

12
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an overall UA and therefore is associated with both conduction and convection links, Note
the link need only be established in one directioni.e., if a conductor is input from node 6

to 12 it need not be listed again from 12 to 6.

Radiation Coupling Block

The radiation links are stored in this block of data. Similar to the conductance
block, N represents the radiation sequence number, followed by I and J the node numbers
connected by the radiation link, followed by the radiation coupling value. (As with the
conductor links it should only be input once.) This value can contain the Stefan-Boltzmann
constant or can be computed without it, but the SIG flag must indicate which option the user

selected.

Heat Source Block

The heat source or sinks are stored in this block. The heat source sequence
number (N) should be input followed by (I) the number of the node to which the source is
applied and Q(I), the heat source value,

Conductor Constant Block

This block contains the parameter A/AX, the conductor constant. This parameter
is used when adjusting the conductance to represent the effect of changing thermal pro-
perties. The symbol A represents the cross sectional area perpendicular to the flow
of heat. The AX term represents the distance from the node center to the node boundary.
The parameter is stored as a function of the conductor number it is associated with (N).
DIS1(N) represents the value of the constant associated with tne node from which the
conductance is emanating from. DIS2(N) represents the value of the constant associated
with node to whick the conductance is emanating to, Figure 3-3 is presented to
demonstrate the computation of the conductance term and the geometric positions of
variables A andAX.

Table Block

The table format is simple and permits convenient manipulation. Tables are
assigned consecutive table numbers according to their position in the input data array.
Each table starts with a header card specifying the table dimensions, i.e., the numter
of values of the independent variable and the number of dependent variables, followed by
a table index which indicates the type of table, and then an optional title. A list of
table types and their descriptions are listed in Figure 3-2 in the Table Block section
and explained below, The values of the independent variable are specified on the next

13
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card. These values are listed consecutively, up to 7 per line as required. The dependent
variables follow with all values of each variable being specified consecutively. The tables
make no use of sequence numbers tc identify variables or records. No blank record or
delimeter is used at the end of a table; the next table or the 11100 record (to indicate

the end of the table block) follows immediately.

The LFLAG index, as mentioned previously, is used to distinguish the use of each
table, The table options are brcken up in seven segments. The user has the option to vary:
(1) the time step as a function of time (LFLAG equal to 1), (2) the boundary
temperature with time (10000 < LFLAG < 20000j, (3) heat sources or sinks with time
(20000 < LFLAG < 30000), (4) conductance value versus temperature (30000 < LFLAG < 40000),
(5) conductance value versus time (40000 < LFLAG <50000), (6) capacitance value versus
temperature (50000 < LFLAG < 60000) and (7) thermal properties versus temperature
(LFLAG = 99999). In all cases cxcept the first and last, LFLAG also related the node
number, or conductor number with the changing parameter it was associated with i.e.,
if node 99 was a boundary node and its temperature was a function of time the user would
have input a value of 10099 for LFLAG indicating boundary temperature (node number
10099-10000) was changing with time and at cvery new time step a new value would be
extracted from the table, If the user wants to adjust the time step he must input in the
first table the desired time steps as a function of increment, Note the first time step
is set by the initial input in control card 3. An example would be if the user input an
initial DTIME equal to , 001 and wanted it increased by , 001 four times., The user
would have put in the first table of his input a L1 =4, L2 =1, and LFLAG = 1 followed
by a card with the increments 1., 2,, 3., and 4., and finally a card with , 002, ,003,
.004, and , 005, The program would have understood this to mean the first time step
should be ,001, the second , 002, the third . 003, the fourth .004 and the fifth . 005,

The final LFLAG segment is used when conductivity and/or specific heat are changing
with temperature. This option assumes the first dependent variabhle input in the table

1s specific heat and the second the conductivity, When this table option is activated an
additional block of information has to be input, That is a node table number correspon-
dence table, A value must le entered for cach node whose property changes with time and
the table number associated with the properties of that node, If all iterated node proper-
ties are represented by a single table (same material), the user can set the variable
J1(1)=0 and J2(1)=table number, The program will then automatically assign the table
number stored in J2(1) to all nodes,

Termination Card:

The last data entry must be a 11100, card indicating data termination,

14




First Control Card
Title Block (4 cards)
Second Cont:ol Card

Third Control Card

Initial Temperature Block for Iterated Nodes

11100

Temperature Block for Boundaiy and/ot Fixed Temperature Nodes

11100

Capacitance Block

11100

Conductance Biock

11100

Radiator Block

11100

Hazat Source Block

11100

Conductor Constant Block

11100

Table Block

1:100

Node/Table Information

General Data Format

15

11100
Terminatiun
Figure 3-1.
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First Control Card {(1015)

Title Block

TR T - o oa - -
NUMBND = Number of boundary nodes
NUMITR = Number of iterated nodes
NUMCON = Number of conductors
NUMRAD = Number of radiators
NUMNOD = Highest node number
NUMFLX = Number of fluxes
NSTR = Storage parameter

NEVALU = Number of eigenvalues
IDIAG

IFLUX - Flux option (0, fluxes not to be printed; 1, fluxes to be
printed out)

Diagnostic flag (0, no diagnostic; 1, diagnostics)

4 Title Cards (any format)

Second Control Card

KODE, NMTRIC {15, 16X, 15)

KODE

i

0 or blank

NMTRIC = 0, inputin degrees Fahrenheit

Figure 3-2.

= 1, input in degrees Rankine
= 2, input in degrees Centigrade

= 3, input in degrees Kelvin

Detailed Input Description (Sheet 1 of 6)




Third Control Card

KODE, TIME, DTIME, FTIME, SIG (15, 4E10.0)
KODE = Oor biank
TIME = initial ime
DTIME = computing interval
FTIME = end of computing time
SIG = Stefan-Bolitzmann constant

Values for the Stefan-Boltzmann constant, in various units are g'ven in the following table.
It should be noted that if a zero is input or no Stefan-Boltzmann constant Is input the
program assumes it will be included in the radiation links.

Stefan-Boltzmann Constants

0.1714x 1078 BTU/h, - sq. ft. - °R%
5673 x 10712 Watts/sq. em. - °k4
1.355 x 10712 Cal/sec - sq. cm, - °k%
5.669 «x 1079 ergs/sec - sq. cm. - o4

Initial Temperature Block for Iterated Nodes

KODE, N, T(N), 11, JJ (215, E1C.0, 21b)
11100 (15)

KODE = O0or blank

N = node number

T(N) = node inttial temperature

I = limit for multiple parameter input

JJ = spacing for multiple parameter input

Figure 3-2, Detailed Input Description (Sheet 2 of 6)
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Temperature Block for Boundary and/or Fixed Temperature Nodes

KCDE, N, T (N), i, JJ (215, E10 0, 215)
11100 {15)

KODE = 0 or blank

N = node number

T (N} = boundary node temperature

H = limut for multiple parameter input

N = spacing for multiple parameter input

Capacitance Block (for iterated nodes)

KODE, N, CAP (N), i1, JJ (215, E10 0, 2i5)
11100 (15)

KODE = Qor blank

N = node number

CAP (N) = node capacitance {mass x specific heat}
1 = limit for multiple parameter input

3 = spacing for multiple parameter input

Conductance Block

KODE, N, I, J, COND (N), I, JJ (415, E10.0, 215)
11100 (15)

KODE = 0or blank

N = conductance sequence number

| first connected node number

J = second connected node number
COND (N) = conductance value {gverall UA)

It = limit for multiple parameter input
JJ = spacing for multiple parameter input

Figure 3-2. Detailed Input Description (Sheet 3 of 6)
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Radiation Coupling Block

! KODE, N, 1, J, RAD(N), II, JJ (415, E10.0, 215)
11100 (15)
KODE = Qor blank
N = radiation couphing sequence number
[ = first connected node number
J = second connected node number
RAD(N) = radiation couphing value (Stefan-Boltzmann constant must be input either in the
second control card or in each value for radiators)
1 = limit for multiple parameter input
JJ = spacing for muitiple parameter input

Heat Source Block

KODE, N, I, Q1) (315, E10.0)
11100 (16)
KODE = 0 or blank
N = heat source sequence number
) = number of node to which source 1s applied
()(l) = heat source value
Conductive Constant Block
KODE, N, DIS1 (N}, DIS2 (N) 1215, 2F16.5)
d
d .
1110
KODE = 0 or blank
N N = Conductor number constant is associated with
DIST(N) = Constant%(for conductor N associated with
node NCOND (1, N)
DIS2 IN) = Constam-ASi for conductor N associated with
{ node NCOND (2, N)
Figure 3-2. Detailed Input Description (Sheet 4 of 6)
{
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KODE, L1, L2, LFLAG, Title (415, AGO)
X(1), X{(2), X(3), X(4}, X{5), X(6), X(7) (7E£10.0)
X(8),....X(L1) (7E10.0)
Y1(1),Y1{2),Y1(3), ..., ,YW7) (7E10.0)
Y1(8) ..., Y1 (L1) (7E10.0)
Y2(1), Y2(2), Y2(3},. . . , Y2(7)} (7E10 0)
Y2(8), . .., Y2(L1) (7£10.0)
YL2(1),....... LYL2(L1) (7€10.0)

Repeat above cards for each table with no blank or additional records between tables. Tables are numbered
consecutively starting with 1 by the program,

11100 (at end of table block only) (15)
KODE = 0, or blank
L1 = number of values of independent variable
L2 = pumber of dependent variables
LFLAG = ndex indicating type of table and node number associated with tabie
=1 DTIME vs. TIME
> 10000: Boundary Temperature vs. Time

< 20000 for node # = LFLAG - 10000

> 20000 Heat Sources vs. Time
< 30000 for node #= LFLAG - 20000

> 30000 Conductance vs. Temperature
< 4000C for node #= LFLAG - 30000

> 40000 Conductance vs. Time
< 50000 for node #- LFLAG - 40000

> 50000 Capacitance vs. Temperature
< 50000 for node # = LFLAG - 50000

= 99999 Variabie Properties
Cp(T) 1st Table

K (T}  2nd Table

Node Number vs. Table Number Block
KODE, (J1(1),J32(1),1=1,7) 16, 7{215)

11100

Figure 3-2, Detailed Input Description (Sheet 5 of 6)




T,
Tttt Tt - AR A .y
KODE 0, or blank
J1{l) Node number
J2(1) Table number associated with node number J1(I)

0 indicates all nodes are associated with J2(1)
(table number)

IFJi(1)

Te mination Card

KODE = 11100 Job 1s terminated

Figure 3-2, Detailed Input Description (Sheet 6 of 6)
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COND (N}

4 A '
LKA
- ‘Kx,"
COND (N)
L A |
K1A , KA
Ay AXz Ky DISTIN} x Ko DIS2(N)
K, DIST(N) + K DIS2(N)
KiA , KA 1 DISTINY + K
AX1  AXo
Figure 3-3. Parameter A/ AX




Multiple Parame’ ntion

This optica ermits speeification of the same value /.t « series of parameters, with
a single data l'ne, For temperatures or capacitancet the ..« . aumber is incremented by
the spacing (JJ) unti! the 'imit (IT) is reached. Each ncde <. pecified is assigned the same
temperature or capacitauce, An example follows sha ... 2y application of this feature in
the Temperature Block,

Node Number
Kode \ Temperature

~~0, 7,5, 11, l~—
I < Limit for multiple parameter input

JJ - Spacing for multiple parameter input

Equivalent to:

0, 7, 500, h The node number in this
0, 8, 500, case is increased by

0, 9, 500, ? one to the limit 11,

0, 10, 500, spaced by one,

0, 11, 500, |

For conductances or radiation couplings the feature is similar except that the parameter
number (N) and the two node numbers (I and J) are incremenied by the spacing until the
parameter nuniber reaches the limit value, Again the same value is assigned to each
parameter, An example follows showing application of this feature in the Conductance

Block,
First connected node number
Conductor sequence number Secoad connected node number
\ Conductor value
KODE —

» 8, 13, 23, 7.2 141

This single card using \
I1 - Limit for multiple parameter input

Multiple Parameter

Input is equivalent to JJ - Spacing for mu.liple parameter input

the following seven cards,
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NOTE: The coaductor 0, 8, 13, 23, 7,2, The conductor
sequence no, , and both 0, 9, 14, 24, 7,2, sequence number,
node numbers advance 0, 19, 15, 25, 7.2, the first node number
by JJ interval < 0, 11, 16, 26, 7.2, > and the second rode
0, 12, 17, 27, 7.2, number are incremented
0, 13, 18, 28, 7.2, by 1 until the limit
LO, 14, 19, 29, 7,2, conductor is reached,

If the value of JJ (8pacing) was 2, the equivalent would be:
0, 8, 13, 23, 7.2,
0, 10, 15, 25, 7.2,
0, 12, 17, 27, 7.2,
0, 14, 19, 29, 7.2,
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Section -1

SAMPLE PROBLEM NO, 1

The first sample problem provided by the Technical Monitor was a Tockalloy
structure with a one inch diameter perturbance. The structure is depicted in Figure 4-1,
As shown, it is horseshoe shaped and symmetric about axis A, The model for this
structure is comprised of a number of rectangular and circular segmented nodes, 1t is
three layers deep except for the perturbance. The node numbering scheme was provided
by the Technical Monitor, Figure 4-2 shows the external boundary conditions
and material properties, Note that the heat transfer coefficients vary near
the rod., A math model was created representing the structure and is highlighted in
Figure 4-3. The model contains 181 iterated nodes, 2 boundary nodes, 181 capacitances,
488 conductors, 60 radiators, 488 conductor constants, a table of physical properties
versus temperature and a node/table correspondence block. The first data card is
used to set the core allocation for the program; the values just mentioned and the requested
18 eigenvalues for this solttion are shown on this card., This input data file was created
and executed on the Grumman Cyber 173 computer, The solution is displayed in Figure
4-4. Note the output option taken in this probicm was the briefest one (i.e,, no heat fluxes,
steady-state temperatures or cigenvalues)., The initial conditions and the temperatures
of cach node at each time step were written out, This same problem was run using the
Grumman Thermal Analyzer, which employs a forward difference technique. A
comparison piot is presented in Figure 4-5, The solid symbols represent the CAVE
resulis while the open symhols represent the thermal anulyzer results, The comparison

between the two techniques is excellent,
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Figure 4-1. Sample Problem No, 1 Geomelry Configuration




Taw = 3000 °R

Tinitial = 960°R (time = 0)

Start time = 0

Final time = 40 sec

Lockalloy Emissivity = 0.8

View Factor = 1.0

Background Temperature = 519°R

Convection Nodes Surface: 10to 14, 23 to 28, 33 to 38
43 to 48, 53 to 58, 60 to 68
and 70 to 78 have-

h/ho = 1.0
where hy, = 24.5 BTU/hr 112 OR

The interference heating to the remaining surface nodes 1s
listed below: (See NASA TND-1372)

NODE |  h/ho
20 6.5
21 5.5
22 45
h ha 30 3.3
' 3 3.25
32 3.2
.02 40 28
/ 41 2.7
g 42 2.6
50 1.7
51 1.85
52 2.00
Physical Properties
5400R 860°R
p(ibm/in3) 0756 0756
Cp (Btu/Ibm °R! 395 511
K BTU/(HR FT2 OR/FT) 123.0 99.5

1060°R
.0756

.548
89.0

1260°R
.0756
.562
815

Figure 4-2, Sample Problem No. 1 Boundary Conditions and Properties

27

— e g e =



<

wn

£

=]

=

<

=)

-

=

<

k4

x

T

-

°

- W
> >
we

N0
(4]
2
-
-4

MODEL

BLOCK

15T CONTROL CARD
TITLE

NUMHER (NE

<«—— 2ND CONTROL CARD

11111 1, 714F 09— .RD oNTROL CARD

IT IS BEING USED AS

A 22200 CARD IS AN
UNNECESSARY CARD.
A SPACER

CAPACITANCE
BLOCK

BOUNDARY NODE

TEMPERATURE
BLOCK

INITIAL
Bl OCK

)

:

|
)

v

CCTCTCCTIOTCOUITCCTIeeOOOOOCOOOCCOODCITCIITTICTCT 0o0e
.

SCOOCIDODIDIDIITDTeOCO0O0OODIDOCIO DODODIIDOCITICTOTese

-

=
o
-
< NAAUNAA NN ® ¢ o ANAA NN — PN W O PN 2 g g p
COOOoDODOO D000 DO o DO 0000 DOSODO
ssesgsonssse?
Baba wl el whal wiasiasaadaliad Witas Al ual bkl wle
cccooocce cCCcCooCC OO oo OV CCINLOoO L LW
(= COODOOOOTe s e COOOAOD oy MU oM - OL:OMeee
ccoccoccoc CCCCOCOCOOCOMNOCCAXAA AN —C CSooafn
> 6 6 ® 0 e a 'e ® @ o e ®¢ ¢ 0 08 ® @SSO GO 00 Ve
TN Sy Uy C CNR © C AUNNR AN — PN o8 e ¢ o
C CSONMIFIPCeeeCNNIMICCEO CSCCTONMIMINLH O o
D eI | s oo bt et s e\ NI NN NI
G.o neen oo

OO0ODOCOOVODOODDIIIDOOIOOIODDOO ODDODOOOIDTOOCOOD e e

[ = [~X o o0
~N - NS -
~n -y - 0
~ -l Lol ]

Figure 4-3. Input File for Sample Problem No. 1 (Sheet 1 of 3)

28




POOR__.

Ty OF THE

REPRODUCIBIL
INAL PAG

EIS

ORIG

CONDUCTANCE
BLOCK

>

RADIATION
BLOCK

>

e
cccooccc

DTCOCDOOT D

CAPACITANCE
BI.LOCK

)

~

oo Cccoceoe o oT O Cot Com C o T
SODDODoT
[ ] ]

[TV IR OyV SN ¥ VW

occCccocco

DODODADDVDODOOO O IO ON DI
C ol =W oK ~—

* ® ® ® o 0 e

SICICICD

Ll AN AT A FL AW W VU N T gl g (== R ol ol J N ] g o
OB 2BRRBROERDE DD

[TERVOIVRIVIRTRT TR VS TELTT SV RIVE)

I IIPP L prpr,

OO0 CT OoOMMNW O OO vt sl
Xxccocagaaaxar-r~~ C - vt o o et
ie s ecscacascsa e

oot AN, C

AUC o+ NUC o~#Ne=MNUMNZ DC NI L
ML O LI~
ACA NN

DODVDODIDOITI DO ODOOODOIIOO
oc
-\
-y
weNd

™~ 7
CoCCOoOCOC OCCQOOCOC ¢0e

2L TO0 T SODDODDOITDT. 000

toteotC C oot CC
OODDDOTOo T
L [ 3 ) *

PPN W e o
oo >0
(EENEEN]
sl ahetahad i’ wikasahaialia
~Ce—e—Ciadac cocccoc
oY =Py TR COO0DOOD see
IR IC T~ OCaaCXTaA X L
- & @ ® % ® & & & o0 e 8-

LYW oL 0y © oot

CorNCorUJ — O CCCToslNMNTI Y g0
RN W YN NS b = o=t =SSN}

000000 CO—~CODXLLLLT o0
0CCoOCOC—0 cocooCcC
ccoocooND oo

OO NIV LI 000

SN JNLr-C
VLV XX A I
IJIIIII

D00 OO0 OCD OOOCOOOOOOsee
(=} =4

-.ry
-ty
-N

(Sheet 2 of 3)

.
)

Input File for Sample Problem No.

Figure 4-3.

29

—_ o —




REPRODUCIBILITY OF '1‘HE‘
ORIGINAL PAGE 1S POOR !

TABLg




8$3T0R¢

2
s 189,
& 488,
s 109,
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NUMFL X
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Figure 44, Output for Sample Problem No. 1 (Sheet 1 of 14)
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Heetion 5

SAMPLE PROBLEM NO. 2

Sample problem No. 2 is displayced in Figures 5-1 to 5-4; it is actually three
problems, The first problem, or Model 2A, is a 160 node model (flat plate) exposed to
the given top surface boundary conditions shown in Figure 5-1 and 5-3 with all other
surfaces being adiabatic. The entire model is made of Lockalloy and its physical
properties are displayed in Figurc 5-4. The geometry and node breakdown are presented
in Figurc £-1, The geometry consists of three distinet regions, A, B, and C. These
regions represent areas of huildup for problems Model 2A & B and 2C. Model 2B is con-
structed by adding an additional Lockalloy layer under regions A and B. This creates
a 256 node model, with Model 2A being the basic core. Model 2C is made up of
Model 2B and an additional layer of T.ockalloy under region A resulting in a 272 node
model. Figure 5-2 depicts the nodal arrangement for cach of the three models, Note
that only the additions are represented, i.e,, Model 2B uses the Model 24 numhering
plus the layers shuwn for Model 2B. An input data set has been created for cach of the
models presented and is displayed in Figures 5, 6 and 7. The data format is essentially
identical in each case, so a discussion of the Model 2A data input will be addressed while

noting any differences in the remaining model input.

The first control card informs the program that the model consists of two boundary
nodes, 160 iterated notles, 444 conductors, 80 radi~‘~rs, the highest node number is 1000
(actually 999 in the model), and 0 heat sources, Moaucls 2B and 2C have increased the
number of iterated nodes and conductors on this card, An estimate of reserved storage
was made at 12500 words, This number is based on the data size and a user "feel' for
its estimated size which comes with program use. It should be noted that the output dis-
plays the actual reserve storage needed and in this case it was 7269 words. Therefore
the input value could have been less, The user also chose to use 14 eigenvalues and
cmployed both the diagnostic option and the flux option. Models 2B and 2C used the
default output option which displays only the initial conditions and the temperature time
history. The user then input the desired title, Note four lines must be used, The
example shows three lines of text and a blank linec, On the second control card the user

indicates the inputs are to be in degrees Fahrenheit, The third control card indicated an
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initial time of zero, a time step of 0,01 and a final time of 0.1. The unit of time in this case
is hours which is specified implicitly in the choice of units for thermal conductivity and
radiation couplings. The Stephan-Boltzmann constant has also been included as an input
which indicates that the values for the radiation couplings do not have this value folded into
them, The 22200 is used as a comment card and in this case it is used as a separator.,
The next block ¢ncountered is the initiai temperature block and indicates that all 160 nodes
arc initially at 500°F. The block is terminated by the 11100 card. Note in Figure 5-6 and
5-7 that the initial temperature block has been increased to 256 nodes and 272 nodes for
Model 2B and Model 2C respectively. The boundary nodes 998 and 999 are displayed next
at 2390°F and 59°F, This data is followed by the capacitance block (mass times specific
heat) for each iterated node. Again note the additional capacitances listed for Models

2B and 2C. The conductance links are established next and represent an overall UA
computation. Both conduction links (iterated node to iterated node) and convective

links (iterated node to boundary node) are represented. The number of conductance

links increased dramatically from model to model (444 to 695 to 727) due to the increase
in the nodal definition. Notc the use of the multiple parameter option in the conductance
blocks of Model 2B and Model 2C to minimize the input. The user set-up conductance
valucs for 48 conductors with just 5 lines of input (Figure 5-6), The radiation block
follows with the first surface only represented (80 nodes) since it is the only surface
exposed to the radiation boundary condition, This block is followed by the corduc~

tance censtant block and represents the value of A/ A X for each iterated conductance

link, i.e., all links not exposed to boundary notes, The final 2 blocks deal with tah'c
descriptions. The first represents the change in specific heat and conductivity with
temperature, Note the units in this case are ° F and inches, The node/table corre-
spondence uses this table to describe the property changes and relates table to node
number, The final card entered is the termination card.

Figures 5-8 to 5-10 represent the resulting output for each of these three
executions, Figure 5-8 is the output from the Model 2A run, It includes the output from
the diagnostic and flux options. Figures 5-9 and 5~10 represent the default output which
is the initial conditions plus the temperature time history of Model 2B and 2C, Referring
to Figure 5-8 after the inital conditions are printed the program displays the steady -
state temperature solution followed by the eigenvectors for the number of dominant
eigenvalues requested, The nodal temperatures and the cumulative heat flux from node
to node at the end of the first time step are printed next, This process is repeated

at each time step,
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Finally, Figures 5-11 to 5-13 represent a comparison of the CAVE3 execution
to a Ciumman Thermal Anaiyzer execution for these three models. The solid symbols
represent CAVE3 and the open ones the Thermal Analyzer. Note the execellent agreement
in all cases thus establishing the validity and accuracy of CAVES3.
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MODEL 2A

71,161 72,152 73,163 74,154 75,155 76,156 77,157 78,158 79,169 30,160
61,141 62,142 63,143 64,144 65,145 66,146 67,147 68,148 69,149 70,150
51,131 52,132 53,133 54,134 55,136 56,136 57.137 58,138 59,139 60,140
41121 42,122 43123 44,124 45,175 46,126 47127 48,128 49,129 50,130
31,11 32,112 33,113 34114 35,115 36,116 37,117 38,118 39,119 40,120
21,10 22,102 23,103 24,104 25105 26,106 27,107 28,108 29,109 30,110
13,91 12,92 13,93 14,94 15,95 16,96 17,97 18,98 19,49 20,100
1,81 2.82 3,83 4,84 5,85 6,86 1.87 8,88 3,89 10,90

MODEL /B

207,255 208,256
205,253 206,254
203,251 204,252
201,249 202,250

191,239 192,240 193,241 194,242 195,243 196,244 197,245 198,246 199,247 200,248
181,229 182,230 183,231 184,232 185,233 186,234 187,235 188,236 189,237 190,238
171,219 172,220 173,221 174,222 175,223 176,224 177,225 178,226 179,227 180,228
161,209 162,210 163,211 164,212 1,213 166,214 167,216 168,216 169,217 170,218

MODEL 2C

271 272

269 270

267 268

265 266

263 264

261 262

259 260

257 258

Figure 5-2. Sample Problem No, 2 Node Configuration
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Figure 5-3. Sample Problem No. 2 Convective leat Transfer Rates
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Figure 5-4. Physical Properties of Lockalloy
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Figure 5-8.
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Figure 5-85.
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Figure 5-8,
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